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Abstract-The development of efficient and reliable methods for the design and analysis of fas- 
tened structural connections and bonded joints is among the most important and most challenging 
problems in aerospace applications because these connections are common sites of failure initiation 
and there is a complicated nonlinear interaction between the fasteners and the connected plates. 
Realistic representations of fastened connections must account for the diameter of fastener holes, the 
stiffness of the fasteners, the effects of interference fitting or looseness of fit, contact between the 
fasteners and the connected plates, and yielding of the plates. Similarly, the treatment of bonded 
joints is complicated by the fact that bonded patches are typically composed of several thin layers of 
orthotropic material and the adhesive material may yield under load, requiring a nonlinear analysis. 
Consequently, the complexity of the models is such that it is difficult and time consuming to treat 
them using conventional finite-element or boundary-element procedures. 
Fortunately, these problems lend themselves to standardization in FEA-based handbook libraries. 
Structural connections can be described in a parametric form. Therefore, topologically similar families 
of connections need to be meshed only once. The FEA-based handbook library provides for the 
archival and recall of entries for analysis. Users need only enter the parameters. The finite-element 
mesh, being associative, is adjusted automatically. Therefore, users need not be concerned with 
meshing or other details of the analysis process. The finite-element solution and the computation of 
all data of interest are performed automatically and the results are displayed in tabular and graphical 
forms. Automatic quality control tests are performed and reported for purposes of documentation. 
There are provisions for the computation of margins of safety. The advanced FEA- based handbook 
library produces results of sufficient reliability to permit certification of repairs and joints based on 
computed information. This will be demonstrated by examples. @ 2003 Elsevier Science Ltd. All 
rights reserved. 
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1. INTRODUCTION 
Proper numerical simulation of fastened structural connections is a challenging problem because 
complicated interactions occur between the fasteners and the structural components being joined. 
This work was supported in part by the Air Force Office of Scientific Research through Grant No. F49620-95-1- 
0196. The computations were performed with the finite-element software product StressCheck. StressCheck is a 
trademark of Engineering Software Research and Development, Inc., St. Louis, MO. 
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The formulation must account for the following essential physical phenomena. 
l Partial contact between the fasteners and the plate: the fastener shank is loaded in com- 
pression only. 
l The shear stiffness of fasteners. 
l Initial clearance or interference between the fastener and the joined plates. 
l Material and geometric nonlinearities. 
The formulation described in this paper envisions a “rigid core” for the fastener, surrounded by 
a Winkler-type spring characterized by a stiffness coefficient selected to represent the spring rate 
of the fastener. The rigid core has two degrees of freedom. The interaction between the fastener 
shank and the fastener hole is modeled by a nonlinear relationship that accounts for the type of 
fit and the fact that the fastener shank can be loaded along its perimeter by compression only. 
It is assumed that loads are transmitted by shear; i.e., the effects of bending are negligible. Any 
number of plates can be joined and different types of fit can be specified for each plate. 
It is possible that the material yields in the neighborhood of the fastener holes. The model 
accounts for yielding in the connected plates by means of the deformation theory of plasticity. The 
quality of the computed information is monitored and controlled by p-extension. The performance 
of the model will be illustrated by examples. 
2. FORMULATION 
2.1. Fastener Element 
A fastener is idealized as consisting of a rigid core of circular cross section. The rigid core has 
two degrees of freedom (uZ, r+,), representing the displacement vector components of the core. 
The core interacts with the plate(s) through distributed normal springs, also known as Winkler 
springs as illustrated in Figure 1. 
rigid 
Figure 1. The fastener element 
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The spring coefficient (K,,) can .be estimated from the elastic solution of a disc under radial 
compression (plane-strain condition), as the ratio between the applied pressure and the radial 
displacement according to the following expression: 
2E 
Kn = D(1+ Y)(l - 2Y)’ 
where E and u are the modulus of elasticity and Poisson’s ratio of the fastener material, and D is 
the diameter of the hole. Alternatively, (and preferably) K, can be determined experimentally. 
The interaction between the fastener shank and the fastener hole is modeled by the relationship 
T, = -K,,6,, for 6, > 0, 
T,, = 0, for 6, 5 0, (2) 
where T,, is the normal traction acting on the fastener hole and 6, is given by 
(3) 
where U, is the normal displacement along the perimeter of the hole (positive inward); 0 is a 
polar coordinate of a system, the origin of which is located in the center of the fastener hole, 
and A,. represents the interference between the fastener and the hole surface. If A,. is negative 
then the fastener is loosely fit (clearance); if A,. = 0 then the fastener is said to be ‘neatly fitted’. 
Because the interaction between the fastener shank and the connected plates is nonlinear, the 
solution must be obtained by iteration. In the first iteration T, = -K,d,. is used regardless of 
the value of 6,; in subsequent iterations, the spring rate is computed using equation (2). 
It is possible that the material yields in the neighborhood of the fastener hole. The model 
accounts for yielding by means of the deformation theory of plasticity, as discussed in the next 
section. When yielding does not occur then convergence is obtained in a few iterations (typically 
less than five). When yielding occurs, then the number of iterations depends on the extent of 
yielding. 
The rigid core can be connected to the rigid core of other fasteners by assigning the same 
variable name to the corresponding displacement vector components uz, ui,; it can be fixed in 
one or both directions; it can be loaded by a force or an imposed displacement. Interference 
fitting or initial clearance can be specified also for each fastener element. This makes it possible 
to assign clearance or interference at each connecting plate location independently. If two plates 
are connected by a fastener, for example, interference can be specified for the part of the fastener 
going through one of the plates and neat fit can be assigned to the part of the fastener going 
through the other plate, or any other combination of neat fit, interference, or initial clearance. 
An alternative modeling strategy, that accounts for certain nonlinearities, was discussed by 
Bortman and Szabo in 1992 [1,2]. They represented each fastener by a nonlinear relationship, 
between the transferred force and the relative displacements, obtained from a detailed three- 
dimensional analysis or from test. Their model also includes friction between the fastener and 
the plate by considering the contact stress represented by a sinusoidal distribution. The solution 
is obtained by superposition, and all nonlinear effects are lumped in the load transfer relations. 
Plastic deformation in the connected plates is not accounted for by their model. 
2.2. Material Nonlinearities 
Material nonlinearities are accounted for by the deformation theory of plasticity and the 
vonMises yield criterion. The implementation provides an accurate representation of the ef- 
fects of single overload events when the plastic flow is contained. A brief description of the 
formulation follows. For additional details, refer to [3]. 
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Figure 2. Typical stress-strain curve. 
Consider a typical uniaxial stress-strain curve as indicated in Figure 2. In the stress-strain law 
indicated in Figure 2, E is the elastic modulus, Es is the secant modulus, and the superscripts e 
and p stand for elastic and plastic, respectively. 
Denoting the components of the displacement vector in two dimensions by u,(z, y), ~~(2, y), 
the components of the small strain tensor are 
(4) 
The principal strains are denoted by ~1, ~2, and ~3. The equivalent elastic strain is defined by 
&J”\l 
2(1 + u) 
(EY - eg2 + (EZ - & + (4 - eg2, 
where I/ is the Poisson’s ratio. The equivalent plastic strain is defined by 
(5) 
(f-9 
and the total equivalent strain is, by definition, 
5= de +P. (7) 
Defining the average stress as: uave = (a, + cry + a,)/3, the components of the stress deviator 
tensor are 
5, = fJs - saver 
a, = gy - have, 
02: = 65 - saver 
(8) 
Txy = Txy. 
The assumptions on which the formulation of the mathematical problem is based are the following. 
ASSUMPTION 1. The total strain (E) is the sum of the elastic strain (se) and the plastic strain (9). 
ASSUMPTION 2. The absolute values of the stress tensor components are nondecreasing and the 
stress tensor components remain in a JIxed proportion as deformation progresses. 
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ASSUMPTION 3. The plastic strain tensor is proportional to the stress deviator tensor. 
Assumptions 2 and 3 allow the generalization of the uniaxial stress state for which experimental 
information is available to two and three dimensions. In the case of two dimensions, 
Using the definition of the stress deviator (equation (8)) and the relation between the plastic 
strain and deviatoric stress (equation (9)), and considering {E} = {Ed} + {S’}, a relationship is 
obtained between the total strain components and the stress tensor 
The matrix in brackets is the elastic-plastic compliance matrix, which is readily invertible to 
obtain the material stiffness matrix. 
Following is an outline of the procedure used in solving the elastic-plastic problem based on 
the deformation theory of plasticity and the finite-element method. This procedure is known as 
direct iteration, and the iteration number is represented by a superscript in brackets. 
(1) Obtain a linear solution ‘LLFE. Ensure that the relative error in energy norm is small, 
typically less than l%, certainly under 5%. 
(2) Compute the equivalent elastic strain (equation (5)) corresponding to each integration 
(Gauss) point, and let the total equivalent strain be equal to the equivalent elastic strain. 
(3) Using the total equivalent strain, compute the secant modulus corresponding to each 
Gauss point from the one-dimensional stress-strain curve. 
(4) In each Gauss point for which the total equivalent strain is larger than the yield strain, 
determine the elastic-plastic material stiffness matrix. Recompute the stiffness matrices 
for those elements for which the total equivalent strain is larger than the yield strain in 
(k+l) one or more Gauss points, and obtain a new finite-element solution uFE . 
(5) Using Ei”) and ugil) compute the stress tensor (0 (‘+l)} in each Gauss point, using the 
elastic-plastic material matrix and the strain tensor {E ck+‘)} (equation (10)). Determine 
the elastic strains from (0 (‘+I)} and the elastic part of the material matrix. Compute 
the plastic strain components by subtracting the elastic strain components from the total 
strain components. 
(6) Compute the equivalent elastic, plastic, and total strains corresponding to the solu- 
tion ugkE+‘) ( q t’ e ua ion (7)). If at every Gauss point, the difference between the total 
equivalent strains of two consecutive iterations is less than a specified tolerance, then 
stop, else compute the updated values Eg+‘), increment IE to k + 1 and return to Step 3. 
3. EXAMPLES 
The performance of the mathematical model, implemented within the framework of the 
p-version of the finite-element method, is illustrated by two examples in the following. 
3.1. Example 1: Test Specimen 
Consider the splice test specimen shown in Figure 3, consisting of three 7075-T6 aluminum 
alloy plates and three 5/32 in diameter Hi-Lok (HL1870) fasteners. This three- fastener splice was 
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investigated by McCombs et al. [4], both experimentally and numerically. The goal of the analysis 
was to calculate the force distribution in the fasteners. The following properties were used for 
the mathematical model described herein: aluminum plates Ramberg-Osgood stress-strain law 
with E = 10.5 x lo6 psi, v = 0.30, 07s~ = 645OOpsi, n = 19.5; steel fasteners E = 30 x lo6 psi, 
v = 0.30 (the material coefficients for the aluminum plates and steel fasteners were not provided 
in the reference). 
Figure 3. Model problem 1. 
One symmetry plane is used for reducing the size of the problem. The finite-element mesh 
consisting of 66 elements (including nine fastener elements) is shown in Figure 4. 
Figure 4. Finite-element mesh for model problem 1. 
The results of the analysis using the current model for load P = 2665 lb are shown in Table 1 
together with the experimental and analytical results of McCombs. At this load, minor yielding 
occurs in the neighborhood of fastener No. 1. The results corresponding to the present algorithm 
are shown for different values of clearance (‘slop’) between the fastener and the 0.102in thick 
plate. McCombs reported that “although care was taken so that a sliding fit could be obtained 
by careful reaming of the holes, it is apparent that some significant slop is present in some of 
the holes.” For that reason we included arbitrary (but small) amounts of diametric clearance to 
assess their influence in the fastener loads and in the maximum principal stress at the edge of 
each hole. 
As noted by McCombs, the quality of fitting cannot be guaranteed even when the holes are 
carefully reamed to achieve a sliding fit. Therefore, clearances must be recognized as stochastic 
variables. The clearance of each fastener can be treated as an independent random variable, since 
the clearances are not correlated. Assuming that a reasonable statistical distribution of clear- 
ances is available, Monte Carlo simulation can be performed to obtain a statistical distribution 
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Table 1. Fastener Loads for P = 2665113. 
Case 
Fastener Load [lb] Clearance for 
Fl F2 F3 Fasteners l/2/3 [in] 
Current model (A) 1013 776 865 o.o/o.o/o.o 
Current model (B) 1058 876 721 0.0/0.0/0.001 
Current model (C) 998 911 745 0.0005/0.0/0.001 
Current model (D) 1017 870 767 0.0005/0.00025/0.001 
Reference [4] 1000 782 872 o.o/o.o/o.o 
Test 141 1016 880 765 unknown 
of fastener forces and maximal tensile stresses. Obtaining a reliable statistical distribution of 
clearances is difficult, however, and Monte Carlo simulations are very demanding from the com- 
putational point of view. Nevertheless, realistic interpretation of experimental results and their 
correlation with the results of numerical simulation must account for the uncertainties inherent 
in the physical system. 
In view of the fact that reliable statistical distribution functions are not available in general for 
clearances, in practical applications it is recommended that at least two numerical simulations be 
performed. In the first simulation all clearances are set to zero and the corresponding distribution 
of fastener forces is determined. In the second simulation, maximal clearances should be assigned 
to the two or three fasteners corresponding to the second, third, and possibly the fourth largest 
fastener load. This will generally provide a conservative estimate of the maximal fastener load, 
the maximal stress, and the extent of yielding. 
3.2. Example 2: Fastened Repair of a Composite Panel 
Consider a composite panel in tension and with a central hole simulating damage, repaired by 
a mechanically fastened titanium patch as shown in Figure 5. The graphite/epoxy laminate with 
a [0, f45,90] lay-up pattern is 0.5 in thick with the following equivalent homogeneous material 
properties: Er = 10 x lo6 psi, Ez = 3.86 x lo6 psi, Gis = 2.56 x lo6 psi, ~12 = 0.548. The titanium 
plate is 0.16 in thick with the following properties: E = 16 x lo6 psi, v = 0.31, CJY = 126 ksi. A 
Ramberg-Osgood [5] description for the one-dimensional stress-strain curve of the titanium was 
used with the following parameters: 070~ = 127ksi, n = 43. Forty-eight 1/4in steel bolts were 
used to connect the repair to the panel. 
4s bolts k2 13” diau. \_ 
Figure 5. The composite panel with titanium repair (dimensions in inches) 
Due to symmetry, only a quarter of the repair was considered for analysis. The finite-element 
mesh is shown superimposed over the schematic of the repair in Figure 5. The 277-element mesh 
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Figure 6. Finite-element mesh for the fastener repair. 
(249 quadrilateral elements and 28 fastener elements) used for the analysis is shown in more 
detail in Figure 6. 
\ A linear analysis was performed for an initial load of 100 kips. The number of degrees of 
freedom (DOF) were systematically increased by p-extension on a fixed mesh, and the estimated 
relative error in energy norm as a function of the DOF is shown in Figure 7. Note that the 
estimated relative error in energy norm is under 1% for run #5 (6637 DOF). All analyses were 
performed using the p-version finite-element program StressCheck.l 
Error Estimate 
Bolted repair 
Solution = SOL, runs #I to 88 (ALL 360 Elements) 
Run # DOF Total Potential Energy Convergence Rate % Error 
611 -4.8771101461e+002 0.00 8.60 
1744 -4.9051331422e+OOZ 0.70 4.12 
2877 -4.9109683416e+002 1.21 2.25 
4508 -4.9127540129e+002 1.41 1.19 
6637 -4.9132357277e+002 1.50 0.67 
9264 -4.9133794281e+002 1.60 0.39 
12389 -4.9134295367e+002 1.89 0.23 
16012 -4.9134450661e+002 1.89 0.14 
Est’imated Limit -4.913454532876214e+OO2 
Figure 7. Estimated relative error in energy norm for the linear solution. 
The solution corresponding to the highest DOF was used as the starting point for a general 
(material and geometric) nonlinear analysis. During the nonlinear iteration the load was incre- 
mented from the initial value (100 kips) up to 400 kips. 
The results for the nonlinear analysis include the detailed stress distribution in the composite 
panel and titanium repair, the load transfer for each bolt and the bearing stress distribution at 
each fastener location. Figure 8 shows the principal stress distribution (Sl) in the region of the 
fasteners in the composite panel and the von Mises stress (Seq) distribution in the titanium repair 
for an external load of 250 kips. 
Figure 9 shows the load transfer in the titanium repair (Fr) and the load transfer in the 
composite panel (Fp) as a function of the external traction (Fo). Note that the graphs show half 
of the force magnitudes because advantage was taken of symmetry. 
Table 2 summarizes the results shown in Figures 9 and 10. Also included in the table are the 
values of the load transfer to the repair and panel as computed from a linear analysis, that is, 
neglecting the effects of material and geometric nonlinearities. 
‘StressCheck Release 5.0 by Engineering Software Research and Development, Inc., St. Louis, Missouri. 
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Figure 8. Distribution of the first principal stress (Sl) in the composite panel and 
the van Mises stress distribution (Seq) in the titanium repair for an external load of 
250 kips. Stresses in lb/in2. 
50tw(1 
ut 
~UUOU 1 OOQQO 15uouo 2QUUUtl 
FOR Fnf2 
Figure 9. Load transfer to the titanium repair (Fr) and to the composite panel (Fp). 
All forces in Ibs. 
Table 2. Load transfer for repair and panel (fastened). 
Fo _ 
Linear Nonlinear 
(kb) Fr Fp Fr Fp 
W4 Wps) (kips) (kir.4 
100 23 77 19.6 80.4 
200 46 154 39.2 160.8 
300 69 231 58.2 241.8 
400 92 308 76.2 323.8 
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Finally, Figures 10 and 11 show the radial (bearing) stress distribution around holes 1 and 2 in 
the repair. The fastener numbers are identified in Figure 6. Run #l corresponds to an applied 
external load of 100 kips, run #3 to 150 kips, run #5 to 2OOkips, and run #7 to 250kips. The 
area of contact for the fasteners is schematically shown in the figures by the angular position of 
the beginning and end of contact. 
t!i -80000 
-1 OOOOQ 
-120000 P 
Figure 10. Bearing stress [lb/in21 around hole 1 in the titanium repair. 
Note that the bearing stress for hole 1 has the typical sinusoidal distribution associated with 
the contact between the fastener and the plate, but the same is not realized for hole 2, where 
the maximum bearing stress does not occur in the point where the line of action of the resultant 
intersects the fastener hole. 
a 
g -2aooa 
6 
p -40000 
xi 
B -6aooo 
-80000 
100 eao 300 400 
Ang 
Figure 11. Bearing stress [lb/in21 around hole 2 in the titanium repair 
3.3. Example 3: Bonded Repair of a Composite Panel 
Consider the same composite panel of Example 2 repaired with a titanium patch bonded with a 
0.006 in thick adhesive layer with the following elastic-plastic material properties: E = 251900 psi, 
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Figure 12. Finite-element mesh for the bonded repair. 
v = 0.34, 7y = 55OOpsi. The finite-element mesh used for the analysis consisting of 43 solid 
elements is shown in Figure 12. 
A linear analysis was performed for an initial load of 100 kips. The number of degrees of 
freedom (DOF) was systematically increased by p-extension on a fixed mesh, and the estimated 
relative error in energy norm as a function of the DOF is shown in Figure 13. Note that the 
estimated relative error in energy norm is under 1% for run #6 (6741 DOF). 
Error Estimate 
Bonded Repair 
Solution = SOL, runs #l to #6 (ALL 43 Elements) 
Run # DOF Total Potential Energy Convergence Rate % Error 
1 269 -4.8679906558e+002 0.00 22.68 
2 916 -5.1071205389e+002 0.97 6.95 
3 1575 -5,123632939le+002 1.01 4.01 
4 2741 -5.1282489369e+002 0.74 2.67 
5 4420 -5.1306419649e+002 1.11 1.57 
6 6741 -5.1314111618e+002 1.11 0.98 
Estimated Limit -5.131905262984277e+OO2 
Figure 13. Estimated relative error in energy norm for the linear solution. 
Again, the solution corresponding to the highest DOF was used as the starting point for a 
nonlinear analysis. During the nonlinear iteration, the load was incremented from the initial 
value of 100 kips to the final value of 400 kips in 25 kips increments. 
Table 3 shows the load transfer in the titanium repair (Fr) and in the composite panel (Fp) as 
a function of the external traction (Fo) for the linear and nonlinear solution. 
Table 3. Load transfer for repair and panel (bonded). 
12 R. L. ACTIS AND B. A. SZAB~ 
The results for the nonlinear analysis include the detailed stress distribution in the composite 
panel, titanium repair, and adhesive layer. Figure 14 shows the principal stress distribution (Sl) 
in the composite panel, the vonMises stress (Seq) in the titanium repair, and the maximum shear 
stress (Tmax) in the adhesive for an external load of 250 kips. 
4. REMARKS ON CURRENT MODELING PRACTICES 
In current engineering practice, fasteners are usually analyzed in two steps. In the first step 
the goal is to determine the distribution of the fastener forces; in the second step the goal is 
to determine the stress maxima or the stress intensity factors associated with cracks emanating 
from fastener holes. The assumption that cracks of certain size and orientation exist is mandated 
by certain design specifications. 
The distribution of fastener forces is usually computed by positioning a node at the center 
of the fastener location in the plates or shells joined by the fasteners and connecting the nodes 
either directly or with rigid bar elements or with flexible bar elements. This is often justified 
by the intuitively plausible but false reasoning that the fastener holes are typically small in 
relation to the fastened structural components; hence, the diameters of the fastener holes can 
be neglected, and the flexibility of the fastener can be ‘lumped’ into springs. This approach is 
conceptually wrong because point forces and point constraints are not admissible in elasticity: 
Point forces acting on an elastic body cause infinitely large displacements and the reaction forces 
corresponding to point constraints are zero [5]. In numerical computations the displacements 
corresponding to point forces are finite and the reactions corresponding to point constraints are 
nonzero, however. 
Furthermore, the divergence of the displacements and reactions (with respect to increasing 
number of degrees of freedom) is very slow, which may create the false impression that the finite- 
element solution has converged or nearly converged. In many cases, the data computed using 
conceptually wrong models have been correlated with physical experiments through manipulation 
of the finite-element mesh. The problem with this approach is that the computed data are strongly 
mesh-dependent, and hence, cannot be reliable. Some specific examples on the lack of reliability 
of such’models have been published [1,2,6]. 
The stresses are usually computed by assuming simple sinusoidal distribution of the bearing 
load on the perimeter of the fastener holes, which is statically equivalent to the computed fastener 
forces, neglecting the influence of neighboring fasteners or edges. It is seen in Figure 6, however, 
that the distribution of normal stresses may not be a simple sinusoidal function due to the wake 
effect. 
5. REMARKS ON THE ANALYSIS OF BONDED JOINTS 
The analysis of bonded joints poses a set of difficult problems which cannot be solved with 
any degree of reliability unless the finite-element analysis tool allows the use of very large aspect 
ratios, provides the ability to compute generalized stress intensity factors or average stress/strain 
values over short distances at singular points, and is capable of accounting for nonlinear material 
properties. 
The failure criteria in bonded joints cannot be based on a maximum stress or strain criterion or 
purely elastic computations: attempting to use a maximum stress criterion in elastic computations 
is conceptually wrong because the maximum stress corresponding to the exact solution is not 
finite, and hence, stresses computed by numerical methods will be dependent on the choice of 
discretization parameters. The problem is analogous to linear elastic fracture mechanics where 
failure criteria are based on stress intensity factors, rather than stresses, which, computed by the 
theory of elasticity, are infinity at the crack tip. The critical value of the stress intensity factors 
is determined experimentally. Similar possibilities exist for singularities associated with bonded 
joints [7-91; however, if designers were required to ensure that the adhesive remains elastic when 
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Figure 14. Distribution of the first principal stress (Sl) in the composite panel, the 
van Mises stress distribution (Seq) in the titanium repair and the max. shear stress 
distribution (Tmax) in the adhesive layer for an external load of 250 kips. Stresses 
in lb/in’. 
the maximum load is applied, then the design would have to be overly conservative, precluding 
the use of adhesive joints in most cases. Therefore, the mathematical model must account for 
redistribution of stresses through nonlinear deformation. Furthermore, the failure criteria for 
bonded joints must be based on multiple considerations, such as average strain over some area or 
volume in the adhesive, generalized stress intensity factors in the adherents, assuming that the 
adherents remain elastic on the application of the maximal load, or average stresses over critical 
areas. 
A prerequisite for progress in this area is that it must be possible to evaluate alternative criteria 
for failure through carefully designed experiments properly correlated with computed information 
of guaranteed accuracy. This is possible only through the use of the pversion of the finite-element 
method, coupled with proper mesh refinement and the capability to handle material nonlinear 
problems. 
We remark that the current Working Draft of the Military Handbook MIL- HDBK-17-3E, 
Section 5.2.3.6 “Finite-Element Modeling” essentially confirms the statement that conventional 
finite-element methods are not suited for reliable analyses of adhesively bonded joints. 
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6. CONCLUSIONS 
The model described in this paper accounts for the most important features of fastened connec- 
tions, subjected to the assumptions that friction and bending can be neglected. These restrictions 
can be eliminated at the expense of increased complexity. 
One of the important attributes of fastened structural connections is the clearance of fasten- 
ers. Clearances are uncorrelated stochastic variables for which reliable distribution functions are 
not available in practical applications. Therefore, conservative estimates of clearances and their 
distribution must be used in design applications of the model described in this paper. Mathemat- 
ical models of fastened structural connections lend themselves to parametric treatment, allowing 
design studies, similar to that described in connection with Example 2, to be performed quickly 
and efficiently. 
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